The aim of the study was to examine the effects of hyperbaric oxygen on lung aeration on an animal experimental model and compare the obtained results with the anticipated scope of damage to pulmonary parenchyma in humans under the same exposure conditions. The research was carried out on Black Hood rats that were kept in a hyperbaric chamber designed for animals in an atmosphere of pure oxygen and at overpressures of 0.15, 0.2, 0.3, 0.4, and 0.5 MPa for 1, 2 or 4 h. After sacrificing the animals, histopathological specimens were obtained encompassing cross-sections of entire lungs, which were subjected to qualitative and quantitative examination with the use of the 121-point Haug grid. A statistically significant decrease in pulmonary parenchyma was observed as a result of an increasing oxygen partial pressure as well as with prolonged exposure time. The intensification of changes observed was much higher than expected on the basis of calculations performed with the use of tables.
Introduction
The last decades have brought a rapid increase in interest in oxygen toxicity related mainly to its possible impact on ageing processes. However, a part of the research is also connected with an increased use of this gas in underwater work done by divers and in hyperbaric therapy (3, 10, 12) as well as in long-term oxygen therapy for patients with respiratory failure at atmospheric pressure.
The risk of oxygen toxicity grows proportionally to the increase in its partial pressure in the inhaled gas mixture and duration of exposure. At high pressure and during long exposure, oxygen may progressively impair vitality, even resulting in serious chemical damage and cell destruction (1) .
Although specific reactions have not been examined exhaustively, it is now commonly recognised that the effects of oxygen toxicity derive from the mechanism through which its reactive forms are generated (6) and mutual interactions with the neighbouring cell structures, which lead to particular vital and morphological deficits (6, 9) .
When a healthy animal or human is exposed to oxygen at toxic partial pressure, the sequence and severity of symptoms observed in various organs and tissues depend on their relative sensitivity to hyperbaric oxygen and the dose of O 2 (1). The oxygen dose for a particular region of tissue is determined by the balance between arterial oxygen partial pressure, blood flow, metabolic activity of the tissue, and capillary circulation density. As these conditions are not the same for the entire organism, particular organs and tissues are subjected to oxygen exposure in very broad concentration ranges after the inhalation of oxygen at a given pressure (1, 4, 11) .
When oxygen partial pressure in pulmonary alveoli exceeds the value of arterial pressure p a O 2 , the lungs are exposed to deleteriously high oxygen pressure, higher than that present in any other organ. With oxygen pressure between 0.05 and 0.2 MPa, maximum exposure times are limited by the development of symptoms defined as pulmonary oxygen toxicity (1, 3, 4, 11) .
Besides clinical symptoms such as breathlessness, a sore and burning sensation in the throat or chest, coughing, retrosternal pain, and fatigue (1), the basic measurable clinical exponent of pulmonary oxygen toxicity is a decrease in the vital capacity of the lungs (14) .
In order to correlate the observable impact on lung parenchyma resulting from specified oxygen partial pressures and the time of exposure, research uses the unit of pulmonary toxicity dose (UPTD), cumulative pulmonary toxicity dose (CPTD), and oxygen tolerance unit (OTU), equal approximately to one-minute exposure with the oxygen partial pressure of 0.1 MPa (14) .
Oxygen becomes toxic for human lungs when its partial pressure exceeds 0.05 MPa. Then, the so-called 'oxygen toxicity clock' becomes important. This means that the exposure time in an atmosphere with oxygen partial pressure above 0.05 MPa is limited with regard to the diver's safety (14) . Breathing normobaric oxygen for the period of 24 h will cause the accumulation of as many as 1440 UPTDs, which corresponds to a 10% decrease in the vital capacity of the lungs. The relationship between the accumulated number of UPTDs and a decrease in pulmonary vital capacity is shown in Table 1 (14) . The aim of the studies was to compare changes in the lung aeration of experimental animals subjected to hyperbaric oxygen with predicted values for human lungs subjected to the same insult.
Material and Methods
The research was conducted in a hyperbaric chamber constructed especially for small animals. In this 30L chamber generation of controlled overpressure was possible up to 100 mH 2 O (≈ 1 MPa) (13) .
Animals. Black Hood rats of both sex were divided into two groups: control and experimental. The rats were kept in cages containing six animals each. In total, there were 126 animals, 12 control and 114 experimental.
Experimental design. Half of the rats from the control group (six animals) were not subjected to any treatment besides becoming accustomed to the chamber for 1 h. The other six animals from the control group were kept in the chamber for 60 min at atmospheric pressure, in a pure oxygen atmosphere.
The animals from the experimental group were divided into subgroups consisting of six rats each, and subjected to hyperbaric exposure to overpressure of 0.15, 0.2, 0.3, 0.4, and 0.5 MPa. The procedure was carried out on one subgroup per overpressure at each of the five overpressures. There were four iterations of the procedure because four exposure times were examined: 30, 60, 120, and 240 min. The division of animals into groups is presented in Table 2 .
The animals were placed in the chamber in groups of three. After closing the hatch, the chamber was rinsed with oxygen with the purpose of removing the air. Next, the pressure in the chamber was increased at a rate of 0.1 MPa per minute until reaching the pressure planned for a given exposure profile. At the point when the maximum pressure was reached the measurement of exposure time was commenced.
Continuous decompression was performed at a rate of 0.05 MPa per minute until reaching atmospheric pressure. Next, the chamber was opened and the animals were removed.
Immediately after the experiment, the rats were sacrificed by cervical dislocation and subjected to macroscopic examination. After the dissection of the neck area, two ligatures were placed around the trachea in order to prevent lung collapse. Next, the lungs were removed and placed in 10% formalin. Microscopic specimens were prepared with the paraffin method. Sections of left and right lungs were stained with haematoxylin-eosin in a typical manner (13) .
The specimens were subjected to qualitative examination with the use of an optic microscope (type BHSU, Olympus, Japan) at magnification ranging from 50 to 400×.
A 121-point Haug grid was used in microstereological examinations. Calculations were made with the use of 20× magnification. The number of intersection points of grid lines with alveoli (ALV) and other lung structures were counted, as shown in Fig. 1 . Statistical analysis. The results were subjected to statistical analysis with the use of the Shapiro-Wilk and Lilliefors tests to evaluate the normality of result distribution (the majority of variables were not in a normal distribution) and the Kruskal-Wallis ANOVA rank test.
In order to compare values obtained in the experiment, the number of UPTDs accumulated by animals in the course of particular exposures and the ranges of predicted decreases in lung vital capacity were calculated. The calculated UPTD values were in each case higher than the expected statistical error. The values are presented in Table 3 .
Results
Microscopic examinations showed atelectasis increasing commensurately with exposure duration and oxygen partial pressure. The shrinking of the area of alveoli was accompanied by two events: accumulation of a low-protein fluid in the alveoli, typical for pulmonary oedema, and thickening of interalveolar septa corresponding to interstitial pulmonary oedema.
Average values calculated for the results obtained and their descriptive statistics are shown in Table 4 .
Due to the death of all animals in the last 20 min of exposure to the pressure 0.5 MPa with exposure time of 2 h, exposure to the same overpressure for 4 h did not take place. Animals from experimental groups exposed to pressure of 0.3 and 0.4 MPa also died, thus it was assumed that if an animal's death occurred after 80% of planned exposure time had elapsed the animal should be treated like the others that were killed after a complete hyperbaric exposure session.
Changes in the number of intersection points of grid lines with alveoli after a 1 h exposure at pressures of 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5 MPa are presented in Fig. 2 .
Changes in the number of intersections with alveoli after a 2 h exposures at pressure of 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5 MPa are presented in Fig. 3 .
Changes in the number of intersections with alveoli after a 4 h exposure at pressures of 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5 MPa are presented in Fig. 4 . 
Discussion
In all tested groups and in a given exposure time, the increase in oxygen partial pressure caused a decrease in the area of lumen of alveoli (5, 7). Yet, in none of the specimens, including those from animals that died in the course of experiment did atelectasis combined with oedema lead to airlessness of the lungs that could explain animals' deaths. In consequence, it was assumed that the cause of death was not connected with lung toxicity (and the resulting respiratory failure), but rather with other dysfunctions such as CNS oxygen toxicity, which is particularly possible due to the fact that animal deaths occurred only in those groups in which oxygen partial pressure exceeded 0.3 MPa (4, 10).
Quantitative examinations also showed shrinking of the area taken up by the alveoli as compared to other structures of pulmonary parenchyma and transudate (1, 2, 3, 5) . For the majority of measurements such changes were statistically significant.
With reference to the results observed in the course of the studies it was assumed that the increase in the average value when pressure was 0.4 MPa during exposure of 120 min probably stems from the fact that the majority of animals in this group died before exposure ended, which could have had an impact on the measurement obtained. Furthermore, an increase in the average value when overpressure was 0.15 MPa during exposure of 60 min is probably related to intensified contractions of blood vessels both small and middle in the walls of pulmonary alveoli and noticeable in qualitative tests, which could lead to a growth of the section of the lumina of pulmonary alveoli in place of the lumina of blood vessels.
In order to compare the obtained results with the calculated values, the adopted reference value (100%) was the average number of intersection points in the Haug grid with the alveoli in the control group. The comparison is presented in Table 5 .
A decrease in lung aeration found in morphometric examination in relation to each overpressure value and exposure time was at least several times higher than the expected values calculated by applying coefficients for humans. Such differences -exceeding the expected values from several to over 20 times -indicate that the rat an animal commonly used in experiments in hyperbaric physiology and pathology, does not seem to be a proper experimental model in the case of research on pulmonary oxygen toxicity. The results obtained, although consistent with regard to general trend cannot be directly compared to the results concerning humans. In conclusion, an increase in oxygen partial pressure and hyperbaric exposure time causes a reduction of lung aeration in experimental animals. Intensification of changes in animals is much higher than the anticipated values based on the calculation of UPTDs accumulated in the course of hyperbaric exposure and the subsequent reduction of vital capacity of the lungs. The results of research on pulmonary oxygen toxicity obtained for rats as an experimental model cannot be directly transferred to human pathology.
